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INVESTIGATIONOF‘TURBINESSUITABLEFORUSEINA TURBOJEIENGINEWITH

HIGHCOMPRESSORPRESSURERATIOANDLOWC0Ml?RK3SOR-TIPSPEED

III- VELOCITY-DIAGRAMSTUDYOFTWO-STAGEANDDOWNSTFEWLSTATOR

TURBINESFORENGINI!OPERATIONAT CONSTANTROIMIIVESP~

ByRobertE.EnglishandElmerH. Davison

SUM4ARY.

Theapplicationofturbinesto drivingsingle-spoolcompressorswas
studiedby investigatingwhetherornotsatisfactoryvelocitydisgrams
canbe obtainedfortwo-stageturbineseitherhavingor nothavinga
downstre~stator H theseturbinessrerequiredto drivea particular
single-spoolcompressor overa rangeof engineoperationatratedrota-
tivespeedandto havea tipdiameterno greaterthanthetipdiameter
ofthecompressor.Therelativelylowblade-tipspeed,highwork,and
highah flowperunitfrontalareaofthiscompressormakecriticalthe
problemofdesigningsucha two-stageturbineto drivethiscompressor.

A simplifiedmethodofanalysiswasdevelopedinordertorelate
theturbineoperationsfortake-offandcruise,bothatratedrotative
speed.Inthisway,theturbinevelocitydiagramsselectedconsidered
bothtake-offandcruis@ operation.Fromthisanalysis,thefollowing
conclusionsweredrawn:

A two-stageturbinewhichhasa downstreamstatorandisrequired
to drivea sitile-spoolcompressoraspartofa turbojetengineoperated
atrated
designed

(1)

(2)

(3)

rotat;vespeedfor-bothtake-offandcruisecanbe–satis%ctorily
withinthelimits

Turbinetipdiameters compressortipdiameter.

RelativeentranceMachnumberto anybladerowSO.79.

Turningby anybladerow~1230.
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(4)Decelerationacrossonlythedownstream-stator-bladerow.

providedthatthefollowingconditionsaresatisfied:

(1)Enginecruiseswiththrustatleastasgreatas 0.64maximum
thrustataltitude.

(2)Thecompressorcharacteristicsfortake-offarewithinthe
followingrange:

(a)Equivalentah flowperunitfrontalarea=25.8pounds
persecond-squarefoot.

(b)Equivalentblade-tipspeed~ 892feetpersecond.

(c)Equivalentworkinput<131 Btuperpound.
●

Becausetheturbine-designrequirementsfortake-offareessentiallythe
sameas therequirementsforcruisingwiththetake-offvalueof
exhaust-nozzlearea,sucha turbinedesignisalsosatisfactoryfor
engineoperationwithconstantexhaust-nozzlearea.

Whena single-spoolcompressorwhichhasmoresevereturbine-
designrequirementsisused,a satisfactorytwo-stageturbinecannotbe
designedwithinthegivenlimitsiftheengineistobe operatedat
ratedrotativespeedforthrustsas lowas 0.64maximumthrustat
altitude.

A downstreamstatorcanbe e?qployedinturbinedesignto signifi-
cantlyimproveinternalflowconditions,to increasethemarginto
limitingloading,andto permittheuseofconsiderableamountsoftan-
gentialvelocityattheexitfromthelastrotor-bladerowwithoutthe
flowconditionsattheentrancetothe@wnstreamstatorexceedingthe
limitsofmoderncompressordesign.Evenat constantrotativespeed,
enginethrustcanbe variedconsiderablywithoutexceedingdesignlimits
onthedownstreamstator.

INTROIXJCTION

Thedesignofa turbinefora rangeofturbojetengineoperation
ratherthanf& justa singleoperatticonditionrequiresthatthe
turbine-designrequirementsforthevariousconditionsof operationbe
considered.

i
tireference1,thedesignrequirementsaredetermtie#for

turbinesto drivea particularsingle-spool,high-pressure-ratio,low-
blade.tipspeedcompressorunderthefollowingconditions: ~
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(1)Take-off

(2)Maximumthrustat altitude

(3)Altitudecruising

(a)Withmaximmm-thrustexhaust-nozzlearea

(b)At ratedrotativespeed

(4)Engineaccelerationat 80percentequivalentratedspeed

Inreference1,theengineoperatingconditionsfortake-offarea com-
pressortotal-pressureratioof 8.75,a turbine-inlettemperatureof
2160°R, andratedrotativespeed.Thecompressorfrontalareais
881squareinches.At ratedrotativespeedanda total-pressureratio
of8.75,thiscompressorhasan equivalenttipspeedof892feetper
secondandan equivalentweightflowof158poundspersecond.

Fora givenratioofturbineto compressorfrontalarea,thethree
compressorparametersthatdeterminetheturbine-designrequirementsare

. “massflowperunitfrontalarea,work,andblade-tipspeed.Increasing
compressorwork,increasingmassflowpertiitcompressorfrontalarea,

< ordecreasingcompressorblade-tipspeedmakestheturbine-design
requirementsmorecriticalifan attemptismadeto stay@thin a given
numberofturbinestages,a giventurbinefrontalarea,andpreestablished
turbineaerodynamiclimits.Thecharacteristicsof severalenginescur-
rentlybeingdevelopedwereinvestigated;therequirementsimposedona
turbineto drivethecompressorchosenforthisinvestigationconstituted
themostsevereprobleminthedesignoftwo-stageturbineshavinga tip
diameterno greaterthanthatof thecompressorbecauseof thecompres-
sor’srelativelyhighmassflowperunitfrontalarea,highwork}andlow
blade-tipspeed.Ifa two-stageturbinecanbe designedto drivethis
compressorsatisfactorily,two-stageturbinescanthenbe designedto
driveallcompressorspresentinglesssevereturbinerequirements.

Thehighworkoutputrequiredofa turbineto drivethiscompressor
precludedthepossibilityofachievinga single-stageturbinedesign
withinconventionalaerodynamiclimits,andwhetherornotevena two-
stageturbinecouldbe designedwithinconventionalaerodynamiclimits
to satisfytheturbine-designrequirementsappearedquestion~le.
Althoughby comparisonwitha two-stageturbinea thee-stageturbine
whichsatisfiestheturbine-designrequirementswouldbe relativelyeasy
todesignwithinconventionalaerodynamiclimits,a three-stageturbine
would,ingeneral,havethedisadvantagesofbeinglarger,heavier,and
morecomplex. ,
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Forengineoperationwithconstantexhaust-nozzleareaandvariable
rotativespeed,reference1 showsthattheturbine-designrequirements
arenearlyidenticalfortake-off,nmximumthrustat altitude,and
cruiseataltitude.Reference1 showsthatforengineoperationat
ratedrotativespeedandvariableexhaust-nozzlearea,themiminumper-
missibleexitannularareaisgreaterthanthatforoperationwithcon-
stantexhaust-nozzlearea;thisincreaseintheexitamnularareamakes
morecriticaltheproblemofdesigninga turbineforsatisfactoryoper-
ationfortake-off,maxhnumthrustataltitude,andcruiseat altitude.
A turbinewhichsatisfiestherequirementsof operationeitherwith
constantexhaust-nozzleareaorat constantrotativespeedis shownin
reference.1alsoto satisfytherequirementsforaccelerationat
80percentratedequivalentrotativespeed.Theturbine-designproblem
maythereforebe dividedintotwophases,oneforeachtypeofengine
operationforcruise.Thesephasescorrespondtothefollowingtwomodes
ofengineoperationfortake-off,cruise,andmaximumthrustataltitude:
engineoperationwithconstantexhaust-nozzleareaandvariablerotative
speed,andengineoperationatdesignrotativespeedwithvariable
exhaust-nozzlearea.

Theproblemofturbinedesignforengineoperationwithconstant
exhaust-nozzleareaandvariablerotativespeedisanalyzedInrefer- *
ence2. Reference2 indicatesthata satisfactorytwo-stageturbinefor
drivingthisparticularcompressormaybe designedwithinconventional
aerodynamicdesignlimitsandbe no largerindiameterthanthecom-
pressor,butsficha turbinedesignwillbecloseto conventional
designlimits.

Theapplicationofturbinesto drivingsingle-spoolcompressors
wasinvestigatedattheI?ACALewislaboratoryby determiningwhetheror
nota two-stageturbinemaybe designedto drivethisparticularcom-
pressorsatisfactorilyovera rangeofengineopmationforwhichthe
rotativespeedis constantendtheexhaust-nozzleareais varied.The
resultsofreference2 indicatethatforthisservicea two-stagetur-
binedesignwithinconventionalaerodynamiclimitswillprobablybea
marginaldesign.Thisinvestigationthereforeutilizeda downstream
stator(orsetof straighteningvanes)inthedesignof sucha turbine
inadditionto conventionaltwo-stagedesignsforthisapplication.
Thisinvestigationofa downstreamstatorforthisapplicationhastwo
purposes:todeterminetheextenttowhichthecriticalflowconditions
withintheturbinemaybe relievedby usingdownstreamstators,andto
determinetherangeofflowconditionsthatwillexistattheentrance
to thedownstreamstatorbetweenthetake-offandcruisingconditions,
bothatratedenginespeed.A conventionaltwo-stageturbine(not
havinga downstreamstator) anda two-stageturbinehavinga downstream
statorsxehereinafterreferredtoas “two-stageturbine’[and
“dcmnstream-statorturbine,”respectively.

,

w
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Becausethedesignrequirementsfora turbineto drivethiscom-
pressorundertake-offandmaxhmm-thrust-at-altitudeconditionsare
showninreference1 tobe essentiallythesame,a turbinedesignsat-
isfactoryfortake-offishereinconsideredsatisfactoryformaximum
thrustat altitude.Ontheotherhand,a turbinefordrivingthiscom-
pressoratratedenginespeedforbothtake-offandcruisemustoperate
undertwowidelydifferingconditions.Thevelocity-diagramstudypre-
sentedhereinthereforeexaminestwoconditionsofoperation- take-off .
andcruise.Inorderto considerboththeseoperations,a velocity-
diagrsmstudywasmadeoftheturbine-hticonditionsfor~-offj this
velocity-di~amstudywasbasedontheone-dhensionalanalysispre-
sentedinrefezence2. An extensionoftheanalysisinreference3 was
thenemployedtorelateeachposstbletake-offdesignto itsanticipated
cruisingperformance.Themethodaployedforthisstudymaybe sum-
mrizedas follows:Possibledesignsfortake-offweredetermined,and
thecruisingp~formanceoftheseconfigurationswasthenpredicted.
Thesepossibledesignswerethencaupsredinorderthatthebestofthem
couldbe selectedforpresentation.

By meansoftheseapproximateanalyses,twopossibledesignswere
selected- onefora two-stageturbineandonefora downstream-stator

. turbine.Foreachofthesepossibledesigns,moreaccuratevelocity
diagrsmsweredeterminedfortake-offoperationby consideringradial
variationsinflowconditionsratherthanjusthubconditions.stipli-

● fiedradialequilibriumwasassumed(reference4),anda free-vortex
distributionoftangentialvelocitywasemployed.Forthedownstream-
statordesign,a one-tkbnensionalcalculationwasemployedinorderto
estimatetheflowconditionsattheentrancetoandtheexitfrcmeach
bladerowundercruisingoperation.

Thenomencktureusedinthisanal~isisgiveninfigure1. The
syuibolsusedaredefinedinappendixA.

GENERALDESIGNCONSIDEMTIONS

DesignConditions

It isstatedinreference1 thatfortake-offtheminimumpermis-
sibleexitannularsxeais383squareinches,andforcruisingat rated
enginespeeditis460squareinches.Exitannularsreassomewhat
largerthaneitherofthesewereconsideredforthisinvestigation.The
annulsrareaat theexitofthelastrotor-bladerowwas480square
inchesforthetwo-stagedesignand550squareinchesforthedownstream-

. statordesign.

Theturbinefrontalarea,inadditioptoe=t annulararea,was
. selected.A turbinelargerindiamterthanthecompressorisundesir-

ablebecausetheresultingincreaseinfrontalareaoftheenginewould

.
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reducetheadvantageofthehighmassflowperunitfrontalarea
compressor.Eventhoughthedesignproblemofproducinga given
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ofworkfroma turbinestagewithincertaindesigplimitsiseasierto b
solveiftheturbine-bladespeedishighratherthanlow,higherblade
speedsareobtainableinthiscaseonlyby increasingtheturbinediam-
eterbecausetherotativespeedoftheturbineisfixed.Forthese
reasons,thetiptismeterofeachturbinebladerowwasselectedequal
tothetipdiameterofthecompressor.Ifthemassflowofthecomyres- .
sorisassumedequaltothemassflowoftheturbine,theresultofthis .
selectionofturbinediametersisthattheturbine-blade-tipspeedand %
gasflowperunitofturbinefrontalareaareequaltothecorresponding ~ ..
valuesforthecompressor.

Take-off.- Forengineoperationduringtake-off,thefollowing
conditionsmustbe fulfilledby theturbine:

liorkoutput,Btu/lb.. . . . . . . . . . . . . . . . . . . . . X51
Total-pressureratio . . . . . . . . . . . . . . . . . . . . . 3.42
Ah flowperunitfrontalarea,lb/(sec)(sqft). . . . . . . . 25.8
Blade-tipspeed,ft/sec. . . . . . . . . . . . . . . . . . . . 892
Inlettemperature)%.. . . . . . . . . . . . . . . . . . . . 2160
Inletpressure,lh/sqft. . . . . . . . . . . . . . . . . . . 17,600

Cruise.- Theconditionsforcruisingoperationare: flightalti-
tude,35,000feet;flightMachnuniber,0.75;enginethrbt,0.64of
maximumthrustfortheseflightconditions.Forengineoperationduring
cruise,thefollowingconditionsmustbe fulfilledby thetubine:

●

u

Workoutput,Btu/lb.. . ● . . . . . . . . . . . . . . . . . . 115
Total-pressureratio . . . . . . . . . . . . . . . . . . . . . 4.24
Airflowperunitfrontalarea,lb/(sec)(sqft). . . . . . . . 10.2

43
B1.ade-tipspeed,ftsec . . . . . . . . . . . . . . . . . . . . 892
Inlettemperature, . . . . . . . . . . . . . . . . . . . . . 1620
Inletpressure,lb/sqft. . . . . . . . . . . . . . . . . . . 6000

~Si&l Limits

Thefollowingturbineparametersareh~ein cotiideredto lmt the
rangeofturbinedesign:relativeMachnumberattheentrancetoeach _ ._
bladerow,velocitychangeacrosseachbladerow[alternatively,
amountofreaction),turningangleofeachbladerow,limitingWading,
andabsolutitangentialvelocityattheexitfromthelastrotor-blade
row. Inapplyingdesignlhits,thedesigner.shouldconsidertheoper-
atingconditionsunderwhichtheseMmitswillbe approached.Refer- k-

ence3 showsthatforturbineshavingsuccessivechokedbladerowsthe
mostsevereMch numbers,velocitychanges,andamountsofturning
areencounteredat lowequivalentbladespeeds.

w–
As wastrueforthe
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turbinedesign,inreference2,a turbineto drivethiscompressorunder
theconditionsspecifiedhereinwillverylikelyhavechokingornearly
chokingconditionsinthefirstthreebladerowsat lowequivalentblade
speeds.Forengineoperationat constantrotativespeed,thelowvalues
ofequivalentbladespeedareencounteredunderconditionsresultingin
highturbine-inlettemperature,andinparticularundertake-offrather
thancruisingconditions.Theflowconditionsinthefirstrotorand
secondstatortillthusmorecloselyapproachthedesignllmitsunder
take-off ratherthancruisingconditions.

Fortake-off,thelastrowofrotorbladeswillverylikelybe
limitedby velooity changeratherthanby entranceMachnumberjustas
wastheturbinedesigninreference2. Theincreasingturbinetotal-
pressureratiofromtake-offto cruise(from3.42to4.24,reference1)
willresultinan increaseintheaccelerationacrossthelastrotor-
bladerow. Theflowconditionswhicharecriticalduringtake-offthus
differfromthosewhicharecriticalduringcruise.Thefollowing
designlimitswerethereforeappliedinvelocity+iiagramcomputations
forthetake-offconditions:

(1)TherelativeMachnunikrattheentrsmceto anybladerowshould
notexceed0.85.

(2)Theamountofturningrequiredofanybladerowshouldnot
exceed120°;thisappliestothevelocityrelativeto eachbladerow.

(3)Thevelocityshouldnotdecreaseacrossanybladerowexcept
thedownstreamstator.

Forengineop=ationatratedrotativespeed,thedesignltiits
whichareapproachedduringcruiseareassociatedwithlargevaluesof
tangentialvelocityat theexitfromthelastrotor-bladerow. The
magnitudeofthe.tangentialcomponentoftherelativevelocityat the
exitfromthelastrotor-bladerowwillnotexceedthevalueat the
loadinglimitinvestigatedinref=ence5,andthisconditionestablishes
a designlimitforcruise.

Inaddition,fora two-stageturbinewhichistobe operatedwithout
a downstreamstator,thetangentialcomponentofabsolutevelocityof
thegasleavingthelastrotor-bladerowshouldbeasnearzeroaspos-
sible.Fora downstream-statorturbine,ontheotherhand,themagni-
tudeofthetangentialvelocityattheexitfromthelastrotor-blade
rowneednotbe madeSmallj instead, conditionsshouldbe selected
whichwillkeeplowthemgnitudeoftheMachnumberattheentranceto
thedownstreamstator.
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DesignProblem

As inreference2,theindependentvariablesinthedesignstudy
areworkdivisionbetweentheturbinestagesandaxialvariationin
annularareaorconeeagle.Becausereference2 showstheeffectsof
varyingtheconeanglefromturbineentranceto exittobe verysmall,
onlyconstantvaluesofconeangleareconsideredherein.Thedesign
problemisthereforea matterof seekinga ca~tion ofcone=@e and
workdivisionfortake-offsuchthatfortake-offoperation,thedesign
limitsonMachnuuiier,turning,and velocitychangearenotexceeded;
andforoperationofthesameconfigurationundercruisingconditions,
neitheristheloadinglimitexceededinthelastrotornor(a)for
a two-stageturbinewithouta downstreamstator,istheexittan-
gentialvelocityobjectionablylarge,nor(b)fora downstream-stator
turbine,isa limitingvalueofstator-entranceMachnumberexceeded.

METHODOFANALYSIS

GeneralMethod

Thesimplifiedmethodofvelocitydiagramanalysisinreference2
wasemployedtoanalyzetheturbineinternalflowconditionsfortake-
off. A simplifiedmethcdofanalysisofcruisingoperationwasusedto
relatetheflowconditionsattheexitfromthelastrotor-bladerow
duringtake-offandtheflowconditionsatthisstationduringcruise.
Foranygivendesignfortake-off,theflowconditionsattheexitfrom
thelastrotor-bladerowcanthusbe determinedand,inturn,theanti-
cipatedcruisingperformancecanbe evaluated.

SimplifiedAnalysisofCruisingOperation

Bymeansof theanalysispresentedInappendixB, chartslikethose
infigure2 werepreparedforseveralvaluesofexitannulararea.The
dashedlinesshowforthemeamradiustherelationbetweentwofactors:
(1)therelativetangentialvelocityparemeterattheexitfromthelast
rotor-bladerowwhichmustbe obtainedundercruisingconditionsIfthe
turbineistoproduceenoughworktodrivethecompressorumdercruising
conditions,and(2)theabsolutetangentialvelocityparameterat the
exitfromth&lastrotor-bladerowwhichmayprevailundertake-off
conditions.Thedot-dashedlinerepresentsthemaximumvalueofrelative
tangentialvelocityparameterobtainablewithintheloadinglimitin
reference5. Pointstotherightoftheintersectionofthesetwolines
representpossibledesignconditionsandthosetotheleftrepresent
designconditionswhich,withoutdeparturefromconvention,areimpos-
sible.Thedistancebywhichthedot-dashedlineisabovethedashedline
isindicativeofthemarginbetweendesignoperationforcruiseand
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. operationatlimitingloading.A solidlinehasbeenincludedto
showtheeffectof increasingtherequiredworkoutputoftheturbine
by 4.5percent.Becauseenginecomponentsaresribjectto somedeteri--1 orationinperformanceduringtheirusefullife,theselinesshowthe
importanceof designingfora conditionsomewhatremovedfromthecon-
ditionof limitingloading.

Figures3 and4 presentadditionalfloyconditionsattheexit
fromthelastrotor-blsderowforbothtake-offandcruisingconditions.
Asbefore,theabscissaisthetake-offvaluesof absolutetangential~ velocityparameterattheexitfromthelastrotor-bladerow. me Wchm nunibersattheexitfromthesecondrotor-bladerowforbothtske-off
andcruiseareshown.Fortheexitannularareaof550squareinches,
theflowdirectionsareshownaswell. Fortheexitannularareaof
480squareinches,theleavingloss,equaltothekineticenergycon-
tainedinthetangentialvelocityattheexitfromthelastrotor-blade
row,isshownasa fractionoftheidealturbinework.

.

9

PlotssuchasthesewereusedtoreLatethetake-offandoruising
operationsinorderthata designmightbe obtainedwhichwouldoperate
withinthedesignlind.tsforbothoperatingconditions.

Interblade-RowCalculation .

Forthedownstream-statordesign,interblade-rowconditionsfor
cruisewereco~utedforthedesignconfiguration.ForthesecalculaF
tions,theexitflowdirectionrelativeto eadhbladerowatthemean
radiuswasassumedtobe constantfromtake-offto cruise.!lheequi-
valentmassflowattheturbineexitwhichresultsinproductionofthe
requiredturbineworkwasdetermined.Inorde&to.determiaeWproximate
hubconditionsfromthesemean-radiuscalculations,theflowwasassumed
tovaryradidlyaccordingto thefree-vortex,simplified-radial-
equilibriumrelations.

RIISULTS

Foreachofthetwotypesofturbinedesign,namely,two-stsgeand
downstreamstator,theresultssrepresentedforsinglevaluesofwork
divisionbetweenstages,conesingleoftheher shroud,andexit
snrmlsrarea. me effectsofworkdivisionandconesnglewereinves-
tigatedinreference2 andsretherefaenotpresentedherein.Selec-
tionoftheexitannularsreaswillbe discussed.

.-

Foreachtypeofturbinedesign,a possibledesignconditionwas
selectedwhichis a goodco?qpromiseoffactorsaffectingthevelocity

. disgrams.Thisselectionwasbasedontheresultsof simplified.velocity-
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disgramsmlysessimilartothosepresentedinreference
itydiagramspresentedarebasedonthisselecteddesign
includetheradialvariationsinflowresultingfromthe
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2. Theveloc-
conditionand
assumptionof

shuplifiedradialequilibriumandfree-vortexflow;thesediagramsare
fortake-offoperation.

Two-StageTurbineDesign

Take-off.- Thevelocitydiagramsinfigure5 arefora two-stage
turbineinoperationduringtake-offhavingauexitannularareaof
480squareinches,a 70/30workdivision,anda coneangleof 20.6°.
Theassumediiurbineconfigurationispresentedinfigure6. Even
thoughthevelocitiesfortake-offoperationarewithinthespecified“-
designlimits,everybladerowmustoperateveryneara designlimit.
Theaccelerationacrossa rotor-bladerowincreasesconsiderablyfrom
hubtotip. Ontheotherhind,theaccelerationacrossthesecond
stator-bladerowisnearlyconstantfromhubtotip,havingthe
smallestvalueat thetip.

Thedesignltiitofno decelerationacrossa %laderowresults
fromexperienceindesignandoperationofrotor-bladerowsnear
thislimit.Becauseofthedifferencebetweentheradialdistribu-
tionsofacceleration,operationofa stator-bladerownearthe
designlimitofno decelerationmaybe lessefficientthanoperation
ofa rotor-bladerownearthislimit.Eventhoughthedesignlimits
werenotexceededforthisdesign,operationofthesecondstator-
bladerowmaythereforebe critical.

By changingtheworkdivisionsothatlegsworkisproducedby
thefirststage,theflowconditionsinthesecondstator-bladerow
maybe mademoreconsemative.Inordertoremainwithinthedesign
limitofno decelerationinthesecondstage,.thischnge inwork
divisionwillrequirethatthetangentialvelocityattheexitfrom
thesecondrotor-bladerowbe increased.Theleavingloss Vu,52/2gJ
willtherebybe ticreased.

Cruise.- Therelationbetweenturbineexittangentialvelocity
fortake-offandtheturbineexitflowconditionsforcruiseareshown
infigures2(ajand3. Forthevelocitydiagrampresentedinfigure5
fortake-offoperationthevalueof exittangentialvelocityparameter
(V~acr)5atthemeanra~~ iS -0.065.For–thistake-offvalueof
exittangentialvelocityparameter,figures2(a)and3 showthatfor
cruising(1)theflowconditionsattherotorexitareverynearthe
conditionof limitingloadingand(2)thekineticenergyassociatedwith
theexittangentialvelocityisover2 percentoftheidealturbinework
output. Becausethiskineticenergyishereinassumedtobe theloss —

.

hi
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associated.withtheexittangentialvelocity,thislossreducesthe
turbineefficiencyby 0.02forcruising.Thisturbinedesignisthus
marginalforbothtake-offandcruise.

Whenthevelocitydiagramfortake-offis ad@ted by eqloyl.ngan
increasedanmuntof exittsmgentislvelocity(largernegativevslue),
theeffectontheturbineexitflowconditionsis as showninfigures2(a)
and3. Increasingtheexittangentialveloci~fortake-offby 55feet

=9 persecomicorrespotisto a changeof -0.03inthetsmgentislvelocity
% parameter(V~Xr)5,thatis,from-0.065to-0.095.Forcruiseunder
~ thiscondition,theloadinglimitwouldbe reachedinthelastrotor-

bladerowandtheleavinglosswouldbe increasedto nesrly4 percent
oftheideslturbinework. Improvementintheflowconditionswithin
thesecondstator-bladerowduringtake-offoperationwouldthusbe at
theexpenseofimpairedcruisingperformmce.

.

Exit annulararea.- Althoughresultsoftheanslysisarepresented
foronlya singlevalueof exitszunilsrarea(480sq in.),severalvalues
wereconsidered.Fromfigure2(a],it isapparentthatan exitannulsr
areaof480squsreinchesresultsin operationatlimitingloading.For
thisreason,a smsllerexitannularsreacouldnotbe employedwithout
exceedingtheloadinglidt forcruise.@ thecontrary,a greater
annulsrareaisreuired~ifthecompressorworkforcruiserisesabove

f115Btuperpound fig.2(a}). An exitannularareaof480squareinches
isthusaboutthesmallestthatcanbe employed.

*easing theexitannularsxeaabove480squareinchestill
reducetheseverityoftheproblemofl~t Lugloadingbutwi31sggravate
otherproblems.A comparisonbetweenthistwo-stagedesignandthe
designpresentedinreference2 (whichhasan exitannularareaof
405sq in.) showsthatincreasingtheexitannularareafrom405to
480squsreincheshasmade”morecriticsltheproblemofdesigningfor
satisfactoryturbineoperationundertake-offconditions.A further
increasein exitannularaxeawillresultin anevenmre criticaltwO-
stagedesign.Zhus,in orderto alleviatethecriticalnatureofthis
design,SOme additionalfeature(suchas a downstreamstatoror an
increasedtiptiameter) shouldbe incorporatedintothedesign.

Downstreau+ltatorTurbineDesign

Take-off. - Thevelocitydiagramsh figure7 arefora downstream-
statorturbtieinoperationundertake-offconditionshavingan exit
annularareaof550squareinches,a 67/33workdivision,anda cone
angleof27.6°.Theassumedtmbinegeometryis showninfigure8. ‘I’he
flowconditionsarewithinthespecified.designlimitswiththesingle
exceptionofthesmountofturningatthehubofthefirstrotor-blade
row. ThemaximumMach-er attheentranceto anybladerowis0.79.
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amountofturninginthefi.rstrotor-bladerowcbuldbe reducedfrom
.

The
.123°totheL1.nrLtingvalueof120°by increasingtheconeangleby”a
smallamountandsoadjustingtheworkdivisionthattheworkoutputof 1.
thefirststageis slightlydecreesed.Becauseofthearbitrarynature
ofthedesignlimits,thischangewasnotmade.

Thedifferencesofgreatestsignificancebetweenthetwo-stageand
downstream-statordesignsaretheimprovedaccelerationinthesecond
stator-bladerow,theincreasedamountofexittangentialvelocity,and-” “
theincreasedmarginbetweentherequiredcruisingoutputofthesecond
rotor-bladerowandthevalueat limitingloading.A comparisonof 3-N
figures5 and7 showsthatatthetipofthesecondstator-bladerow
thevelocityincreaserosetioma valueof 2.3to 9.4percent.The ~ ‘-_
increasedvaluesof exittangentialvelocityaretolerablebecauseof
theanticipatedpressurerecoveryinthedownstreamstator.

Lhd.tingloading.- Theincreasedmarginbetweentherequired
cruisingoutputandlimitinglosdingis apparentinfigure2. Forthe
downstream-statordesign,thetake-offvalueoftheexittangential
velocityparameter(V~~r)5 atthemeanr~us is-0.15.Figure2(b)
showsthatforcruisetheturbinepressureratio~ be increasedin
orderto increasetheturbineworkoutput by 4.5percentwithoutexceed-
ingtheloadinglimit,an@rovementoverthetwo-stagedesign.

—

.

Stator-entranceconditions.- Onefactorwhichsignificantly
affectsthepracticabilityofusing a downstreamstatoristherangeof
flowconditionswhichwillprevailatthestatorentrance.Tfthe
stator-entranceMachrwniberforcruiseistoohighortherangeof
stator-entranceflowdirectionb“etweentake-offandctise istoogreat,
a downstreamstatorwillnotefficientlyrecoverthekineticenergy,con-
tainedintheexittangentialvelocity.Betweentake-offandcruise,
therangeof stator-entranceflowconditionsatthemeanradius fora
take-offvslueof exittamgent$alvelocitypermter of-0.15is shown
in figure4 tobe thefollowing:

~“ “--” ~

Forthisrangeof stator-entr-econditions,theexperimentalcascade
dataofreference6 indicatethatthekineticenergycontainedinthe
exittangential.velocitycanbe efficientlyrecoveredforbothtake-off
andcruiseby usinganNACA65-(12)10airfoilsectionwitha solidity
of1.

Theseresultsindicatethata downstreamstatorcube en.ployed
indesignto significantlyimprovetheinternalflowconditionsfor

*

#.YQi-
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tske-off~to increasethemarginto limitingloading,amitoprtit the
useofconsiderableamuntsof exittangentialvelocitywithgoodeffi-
ciency.Evenat constantrotativespeed,enginethrustcambe varied
considerablywithoutexceedingdesignlimLtsonthedownstreamstator.

Exit annularsxea.- Theexitannularareaof550squsreinches
waschosensomewhatsrbitraril.y.An examinationoffigures2(a)and3
indicatesthatevenwitha downstreamstatoran sreaof480square
inchesis notsatisfactoryforthefolbwingreasons:(1)Withinthe
losdinglimit,onlya smallemunt ofexittangentialvelocitycanbe
eqployed,therebylimithgtheusefulnessof a downstreamstator. (2)
Forsignificantamountsofexittemgentialvelocity,thestator-entrance
Machm.mioerisprohibitivelylarge.Evenwiththesdditionofa down-
streamstator,sucha designwouldremainmsrginal.

An exit sm.milarareaof550squareincheswastherefaeselected
inarderto overcometheshortcomingsof an sreaof480squszeinches.
Thisvslueprobsblydoesnotrepresentan opthum. Withinthelimits
ofthismalysis,it isfoundthatanysreanear550squareincheswill.
probablybe satisfactory.

. me use of a large exit annularareahassomeadvantagesnot
broughtoutby thisanalysis.Fortheturbinegeometryshowninfigure8, -
theaxialMachnuniberattheexitfromthethirdstatorundertake-offb
conditionsisonly0.34.BecausethisBkh nuniberislow,thediffusion
requiredattheentrancetoan afterburnerisreducedconsiderablybelow
thatrequiredwitha smalleremnulsrfiea.Anothersdvsatageofthe
largeannulsrareaistheincreaaedrateofengineaccelerationwhichis
possible.

Int-blade-rowvelocitiesforcruise.- !Eheapproximatehubcondi-
tionsdete~ed duringtheinterblade-rowcalculationsrepresentedin
tableI. !lheconditionsattheentrancesto andexitsfromthefirst
rotor-bladerowandsecondstator-bladerowsremoreconservativeunder
thecruisingratherthanthetake-offconditionforthefollowing
reasons:TheentranceMachnumberislower,theaccelerationis
greater,andtheamountofturningisdecreased.Althcsughtheentrance
Machrnmiherinthesecondrotor-bladerowis~eaterforcruisethanfor
tske-off, theflowconditionsforcruisesremre conservativebecsuse
theentranceMachnumberis stillsolow[0.64)thatitisnotcritical,
theaccelerationisincreased,andtheamountofturningisessentially
unchanged.Forthedownstreamstator-bladerow,themoreseverecon-
ditionsareencounteredduringcruise,as shownby thesimplified
cruiseanalysisj thestator-entrance~ch numberincreasedfrom0.44. to0.63andtheflowangle,from26to 32°. Consideredasa whole,
theflowconditionsforcruisearethusat leastas favorableas those
fortake-off.



14

.... --

NACARM E52G15

Althoughtheflowsingleatthemeanradiussmdtheexitfromeach
bladerowforcruisewaEassumedtobe eqyaltotheanglefort~e-off}
theexitflowanglesforthehubradiusintableI varyslightlyforthe
secondrotor-bladerow. Thisvariationresultsfromtheassumedradial.
variationsandisa measureoftheapproximatenatureofthisasswqption.

DISUJSSION

A comparisonoftheresultsofr<erence2 withthoseofthis
analysisindicatestherelativeclifficultyofdesigningforeitherof
twomodesof engineoperation:(1)constantexhaust-nozzleareaand
variablerotativespeed,or (2)constantrotatfvespeedS@ v=table
exhaust-nozzlearea.Theincresseindifficultyofdesigninga turbine
forconstant-speedoperationresultslargelyfromtherangeofconditions
overwhichtheturbinenustoperatebetweentske-offandcru.fse;whereas
forengineoperationwithconstantexhaust-nozzlesrea,theturbine
operatingconditionsareessentiallyunchangingbetweentske-offand
cruise.

me resultsofreference1 showthattheover-allblade-jetspeed
ratioforcruiseatratedspeedis slightlyhigher(andthusmorecon-
servative) thsnfortake-off.Despitethehighvalueofblade-jetspeed
ratioforcruiseatratedrotativespeed}thet~=ti~ V~OCf@ at~the
exitfromthelastrotor-bladerowofthedesignsinvestigatedwashigher
forcruisethanfortake-off;forthetwo-stagedesign,thf.sintroduc~
anundesirableleavingloss. Ontheotherhand,theflowcoriU.tionsin
thefirstrotor-bladerowandsecondstator-bladerowwerenotup to
thedesignlimitsforthecruisingcondition.Ifa turbfneweretobe
designedforthecruisingconditionslone,thefirststsgecouldproduce
a greatershareoftheworkwithoutexceedingthedesignlimits,thereby
reducingtheleavingloss.A cursorystudyofdesigningforcruise
aloneindicatedthatfcmthiscotitiona satisfactorytwo-stagedesign
couldbe obtainedhavingzeroexitwhirl.A satisfactorytwo-stage
designfortcdle-offoperationispresentedinreference2. Despitethe
factthata satisfactorytwo-stagedesigncenbe obtainedforeither
telse-offor cruiseatratedenginespeed,a satisf==torytwo-st%e
designcannotbe obtainedforoperationunderboththecruiseandtake-
offConditions● Forengineoperationatconstantspeed,thereq~~
rangeofolerationmustthusbe consideredinturbinedesign.

The resultsoftheanalysis,as so farPresent~,=e sPec~ic
ratherthangeneralbecausetheysrerelatedto a particularcompressor
consideredaspertofa turbojetengine.me valueoftheseresults

—

canbe increasedif,fromthem,gen=slconclusfo=Cm be ~a~ con-
cerningtheentireclassof single-spoolcompressors.Inorderforthe
generalsignificanceoftheserestitstobe apparent,thech==ter-
isticsofthisparticularcompressormust
isticsofothersingle-spoolcompressors.

1:,%~

N

k?

b

.

berelatedto thechsracter-
In thefollowingdfscussfon> .. _.
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theturbine-inlettemperaturefortake-offispresumedtobe near
2160°R becausea largechangeintemperaturewillaltertheturblne-
designrequirements.

Forthepurposeof drivinga single-spoolcompressoraspartofa
turboJetenginetobe o~eratedatratedrotativespeedforbothtake-off
andcruise,a satisfactorydownatresmstatortucbinecanbe designed
withinthelhits

(1)

(2)

(3)

(4)

Turbinetipdiameter~coqpressortipdiameter.

Relativeentrance_ nuuiberto amybladerowS0.79.

Turningby anybladerowS123°.

Decelerationacrossonlythe

providedthatthefollowingconditions

downstream-stator-bladerow.

aresatisfied:

(1)
thrustat

.
(2)

following*

per

Engine cruises
altitude.

Thecongmessor
range:

withthrustatleastasgreatas0.64msximum

characteristicsfortake-offexewithinthe

(a)Equivalentairflowperunitfrontalarea~25.8pounds
second-squarefoot.

[b)Equivalentblade-tipspetiZ 892feetQersecond.

(c)Equivalentworki@ut ~ 131Btuyerpound.

Becausetheturbine-designrequirementsfortdse-offareessentially
thesameastherequirementsforcruisewiththetake-offvalueof
exhaust-nozzlearea(reference1),sucha turbinedesignisalsosat-
isfactoryforengineoperationwithconstant_st-nozfie area.

Whena single-spoolcompressorwhichhasmre severe turbine-
designrequirementsthantheseisused,a satisfactorytwo-stageturbine
cannotbe designedtithinthegivenlimitsiftheengineistobe
operatedatratedrotativespeedforthrustsaslowas0.64maximum
thrustat altitude.

.
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ExJMMmYOFRESULTS .

Inorderto studytheapplicationofturbinesto drivingsingle-
spoolcompressors,aninvestigationwasconductedto determinewhether .

ornotsatisfactoryvelocitydiagramscouldbe obtainedfortwo-stage
turbineseitherhavingornothavinga downstreamstatmifthesetur-
binesarerequiredto drivea particularsi@.e-spoolc~ressor overa

—
M

rangeof engineoperationatratedrotativespeed.Thecharacteristics B
of severalengtiescurrentlybeingdevelopedwereinvestigated;the
requirementsiqposedon a turbineto drivethecompressorchosenfor
thisinvestigationconstitutedthemostsevereprobleminthedesignof
two-stageturbineshavinga tipdiameterno greaterthanthatofthe
compressorbecauseoftherelativelyhighmassflowperunitfrontal
area,highwork,andlowblade-tipspeedofthiscompressor.

A sin@tiiedmethodof analysiswasdevelopedinorderto relate
theturbineoperationsforcruiseandtake-off,bothatratedrotative
speed.Inthisway,turbinevelocitydiagramswereselectedby con-
sideringbothtake-offandcruisingoperation.

Forthisparticularcompressor,thefollowingresultswereobtained
regsrtingtheturbine: .

1.A two-stagedesignnothatinga downstreamstatorwasatbesta
marginaldesign.Fortake-offoperation,thevelocitydiagramsC1OSely
approachedthedesignlimits.Forcruise,theleavinglosswaaobjec-

*

tionablylargeandthemarginbelowlimitingloadingwasscant.

2.A two-stagedesignhavinga downstreamstatorandan exit
annularmea of550squareincheswasobtainedwithinthefollowing
limits: relativeentranceMachnuniber,O.79;turningby anybladerow,
123°;no decelerationexceptwithinthedownstreamstator-’bladerow.
Theconeangleoftheinnershroudwas27.60.Theworkdivisionbetween\
thestageswas67/33. .

3.Forthehubofthedownstreamstator-blsderow,therangeof
entranceconditionsbetweentake-offandcruisewasasfold.ows:entrante
Mxh mxiber,

1.For

0.44to 0.633entranceflowangle,26°to32°.

CONCLUSIONS

thepurposeofdrivinga single-spoolcompressoraspertof
a ttibojetenginetobe operatedatratedrotativespeedforbothts3se-
offandcruise,a satisfactorytwo-stageturbinehatinga downstream
statorcanbe designedwithinthelimits

*
—
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(u
(2)

(3)

(4)

provided

(1)

Turbinetipdiameter~ compressortipdiameter.

RelativeentranceMachnumbertoanybladerow~O.79.

Turningby anybladerow~123°.

Decelerationacrossonlythe”downstreamstator-bladerow.

thatthefollowingconditionsaresatisfied:

Enginecruiseswiththrustat leastas greatas0.64maximum
thrustataititude.

—

(2)The compressorcharacteristicsfortake-offarewithinthe
followingrange:

(a)Equivalentairflowperunitfrontalarea=25.8 pounds
persecond-squarefoot.

(b)Equivalentblade-tipspeed~892feetpersecond.

(c)Equivalentworkinput=131Btuperpound..

Becausetheturbine-designrequirementsfortake-offareessentiallythe
w sameastherequirementsforcruisewiththetake-offvalueof exhaust-

nozzlearea,sucha turbinedesignisalsosatisfactoryforengine
operationwithconstantexhaust-nozzlearea.

2.Whena single-spoolcompressorwhichhasmoresevereturbtie-
designrequirementsthantheseistobe driven,a satisfactorytwo-
stageturbinecannothe designedwithinthegivenlhnitsiftheengine
istobe operatedat ratedrotativespeedforthrustsas lowasO.~
maximumthrustat altitude.

3.A downstreamstatorcanbeemployedinturbinedesignto signif-
icantlyimproveinternalflowconditions,to increasethemarginto
limitingloading,andtopermittheuseof considerableamountsoftan-
gentialvelocityat theexitfromthelastrotor-bladerowwithoutthe
flowconditimsattheentranceto thedownstreamstatorexceedingthe
limitsofmoderncompressordesign.Evenat constantrotativespeed,
enginethrustcanbe variedconsiderablywithoutexceedingdesignlimits
onthedownstreamstator.
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4.Evenifturbinescanbe designedforsatisfactoryoperation
undereachoftwooperatingconditions,satisfactoryperformanceofa
singledesignunderbothoperatingconditionsisnotguaranteed.

LewisFlightPropulsionLaboratory
NationalAdvisoryCmmnitteeforAeronautics

Cleveland,Ohio

.

.
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SYMBOLS

Thefollowingsymibolsareusedinthisreport:

‘A aanula.rarea,sqft

wul a velocityof sound,ft/sec
mm

acr
B

E

n
L

P

R

r

T

u

v

w

w

a

9
●

Y

. Aq

criticalvelocity,
G> ‘t’sec

trailing-edgeblochgefactor

turbineworkoutput,Btu/lb

standardaccelerationdueto gratity,32.17ft/sec2

mechanicalequivalentofheat,778.3ft-lb/Btu

polytropicexponent

pressure,lb/sqft

gasconstant,ft-lb/(lb)(%)

radius,ft

temperature,‘R

bladespeed,ft/sec

absolutevelocity,ft/sec

relativevelocity,ft/sec

weightflow,lb/see

absoluteflowanglemeasuredfromaxialdirection,deg

relativeflowanglemeasuredfromaxialdirection,deg

ratioof specificheats

lavingloss
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.

P density,lb/cuft

Subscripts:

h hub

R upstreamofrotortrailingedge

r rotorthroat

s statorthroat

T tip

u tangentialcomponent

x axialcomponent

1 entrancetofirststator

2 entrancetofirstrotor

3 entranceto secondstator

4 entranceto secondrotor

5 exitof secondrotor

Superscripts:

t stagnationortotalstaterelativeto stator

11 stagnationortotalstaterelativetorotor

—

.

—



NAC!ARME52G15 21

N+ENDIXB

METHODOFANMYSISOFCHOKED-FLOWTURBINES

Fora turbinewhichdoesnotchokethelastrotorduringtake-off
operation,theanalysisinreference3 was-ended to calculatethe
cruisingperformanceofturbinesdesignedfortake-offo~era.tion.In
thisanalysisthefirststatorisassumedto chokeattake-offandboth
thefirststa.torandthelastrotorareassumedto chokeat cruise.

Take-Off

Fromthetake-offconditionsthethroatareaofthefirststator,
thethroatareaofthelastrotor,andthebladeexitangleforthelast
rotorcanbe calculatedfora givenexitannulararea A5 andan
assignedvalueofthetangentialvelocityparameter(Vu/acr]5.In
orderforthesevaluestobe calculated,thefollowingfactorsmustbe
assumedorassigned:ratioof.specificheatsy, workoutputE,
weightflow w, internalefficiency~, inlettotalpressurePI’)

. inlettotaltemperatureT1’,exitannulararea A5,percentof
trailing-edgeblockageB,blade-tipspeed‘~, andthehti-tipradius
ratioat theturbineexit (rh/rT)5;theworkoutputatthemeanradiusw
istheaveragefortheannulus,andthespecific-mass-flowparameter
(Pvx/P’acr) at themeanradiusistheaveragefortheannulus;the
flowlossfromthethroattotheexitofthelastrotor-bladerowand
fromtheentranceto thethroatofthefirststator-bladerow(assumed
isentropicherein).Fromthesefactors,thevaluesof criticalvelocity
acr andtotal.densityp’ canbe computedattheturbineexit
(station5) andthefirststatorexit(station2)by meansof standard
thermodmc procedures.

Zhesymbolsusedinthefollowinganalysisreferto conditionsAt
themeanradiusoftheannuluswiththe
C$,hubradiusrh,andtipradiusrT.

Ifa trailing-edgeblockageB is
parszneterupstreamofthetrailingedge
withinthebladerow)canbe determined

exceptionsofblade-tipspeed

assumed,thespecific-mass-flow
(basedontheannulararea
from

w

. Thevaluesof thespecific-mass-flawparameter

(1)

(PVx/P’acr)5,R andthe
assignedvalueofthetangentialvelocityparameter(V#au)5 canbe
usedin conjunctionwiththeflowchartinfigure3 ofreference7 to
determinetheaxialvelocitypsrameter(V~aa)5,R” Thetangential
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velocityparameter(Vu/acr)isassumedtoremainconstantbetweenthe — .,.
vu

rotorthroatanddownstreamoftherotor.
()

Withthisassumption — w
acr5)

(*)5,,,and (~)5,r me alleq~.

Eventhoughtheflowchsxtinreference7 was”constructedfora alm
valueof T of1.30,thechartisapplicablefora rangeofvaluesof
T“ Theresultsarenotsensitiveto ortinaryvariationsin T unless
theaxialvelocityapproachessonicspeed.

Ifthegasdensitybetween
lastrotorisassumedconstant,
be calculatedfromthegeometry

thethroatandthetrailingedgeofthe . —
thethroatareaoftherotor ~,r can
ofthevectordiagrams(seefig.1).

Iv-\

wherefromthegeometryoftheturbine,

The
the

[()]‘hh l+’—‘=2T ??T5

exitbladeangle P5,R canalsobe calculated
vectordiagrams.

(.%)5-(%)5
(w

(2)

(3)

fromthegeometryof

(4)

.-

——

(ThepositiveVu directionisinthedirectionofblademotion.)

Sincethespecific-mass-flowparameterby definitiontakesonthe
valueatthechokedcondition

(*)= (&~

—

●

(one-tiensionalflow) .

(5)
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thethroataxeaofthe

m!wms==
chokedfirststator

23

canbe determinedfrom

%,s=

Thepol.ytropicexponent

w..
-1 (6)-L . .

~u.2
~ P2’%,2

n/(n-1)relatingtheratiooftotalpres-
sureacrosstheturbinetotheratiooftotaltemperatureacrossthe
turbineisassumedthesamefortake-offandcruiseandcanbedeter-
minedfromthetake-offconditionsby thethermodynamicrelation

Cruise

Forthiscruiseanalysis,thefollowing

(7)

factorsmustbe assumedor
* assignedat thecruisecondition:workoutputE, polytropicexponent

n/(n-1),turbineinlettotalterqperatureT1’,blade-tipspeed~, and
flowlossfromthethroattotheexitofthelastrotor-bladerowand
fromtheentranceto thethroatofthefirststator-bladerow(assumed
isentropicherein).

If
ofmass

thefirststatorandthelastrotorare
flowrequiresthat

02>s ‘5,r’’A5,r

m=J-

whichcanbe written

assumedchoked,continuity

(8)

anduponintroducingthethermodynamicrelation

n

(8a)

(9)
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and,by definitionofthestagnationstatej
.

.

(10)

equation(8a)becomes -!j

n+l y+l

* .(;)=-J(+.)H (En))

Thearearatio~,rl+ s isknownfromthetake-offcalculationsand
thetemperatureratio $1’/T5’

—
canbe calculatedfromtheassignedwork —

outputE andinlettotaltemperatureT1’ by standardthermodynamic
procedures.Thus,fromequation(8b)thetemperatureratioT5‘/T5,r”
requiredat cruisecanbe determined. T

Modifyingequation(12) ofreference3 gives,
* .–-
..

<

Fortheassignedvalueofblade-speedparameter(u/acr’)5, eqution(11)
specifiesthemagnitudeofrelativetangentialvelocityparameter
(Wu/acr’’.)5,whichisrequirediftheturbineistoprducetherequired
workundercruisingconditions.

Themaximumobtainable(Wu/acr”)5 forthe 135,R calc~atedat
take-offcanbe determinedfromfigure3 inreference5. Theblade
angleplottedinfigure3 ofreference5 ismeasuredfromthetangential
directionandisthereforethecomplementOfthebwde QQe ~5,R used

--

inthisanalysis.Ifthemaximumobtainable(W~a=”)5 isgreater
thantherequired(Wu/acr’’)5,thettibineiscapableof cruisingthe
engineatthebladespeedassigned(ratedbladespeedinthisreport);
ifnot,thereverseistrue.

.
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TABLE I- INTERBLAlX3-RW CONDITIONSAT HUBRADIUSFORTAKE-OIT’AND

CRUISEAT RKTEllROIMTIVESPEEDFORDOWNSTREAM-STATORDESIGN

-
Bladerow Variable Take-off Cruise

First ExitabsoluteMachnumber,(V/a)2 1*12 ‘ 1.04
stator Exitabsoluteflowangle,~ 690 (j90

EntrancerelativeMachnmiber,(W/a)2 0.79 0.68

First ExitrelativeMachnuniber,(W/a)3 .96 .95

rotor Entrancerelativeflowawle, 132 60° 57°
Exitrelativeflowangle,p3 -~~o 430

Turningwithinfirstrotor,P2-P3 ~30 120°

EntranceabsoluteMachnwiber,(V/a)3 0.67 0.63
ExitabsoluteMachnumber,(V/a)4 .85 .95

Second Entranceabsoluteflowangle,~ -50° -46°
stator

Exitabsoluteflowangle)a4 620 620

Turningwithinsecondstator~a4~ ~o 108°

Entrancerehtivewch ntier,(W/a)4 0.59 0.64
Exitre~tiveMachntier,(W/a)5 .62 .86

Second Entrmcerelativeflowangle,p4 48° 47.0°
rotor Exitrelativeflow=glej 135 -- -500 -52°

Turningwithtisecotirotor>p4-@5 g~o 99°

DownstreamEntranceabsoluteMachnmber,(V/a)5 0.44 0.63
stator Entranceabsoluteflowangle,~ -260 -32°.

.

.
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Turbinecenterline

(a)Turbinenomenclature.

.

Exit first Exitfirst Exitsecond Exitsecond
stator rotor stator rotor

(b)Velocity-diagrsmnomenclature.

Figure1. - Turbineandvelocity-dlsgramnomenclature.Vu positivewhenin same
directionas U; Vu negativewhenindirectionoppositeto U.
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